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TRIBOLOGICAL PROPERTIES OF POLYMER FILMS AND SOLID B O D I E S  
IN A VACUUM ENVIRONMENT. 
Robert L. Fusarc 
National Aeronautics and Space Administration 
Lewis Research Center 
Cleveland, Ohio 44135 
Abstract 
The tribological properties of ten different polymer based materials were 
evaluated in a vacuum environment to determine their suitability for possible 
lubrication applications in a space environment, such as might be encountered 
on the proposed space station. A pin-on-disk tribometer was used and the 
polymer materials were evaluated either as sol.ld body disks or as films 
applied to 440C H T  stainless steel disks. A 440C H T  stainless steel 
hemispherlcally tipped pin was slid against t h e  polymer materials. For 
comparison, similar tests were conducted in a controlled air atmosphere of 
50 percent relative humidity air. In most instances, the polymer materials 
lubricated much better under vacuum conditions than in air. Thus, several of 
the materials show promise as lubricants for vacuum applications. Friction 
coefficients of 0.05 or less and polymer material wear rates of up to 2 orders 
of magnitude less than found in air were obtained. One material showed 
considerable promise as a traction drive material. Relatively high friction 
coefficients (0.36 to 0.52) and reasonably low wear rates were obtained in 
vacuum. 
INTRODUCTION 
The constructtori and use by the United States o f  a space station in the 
1990's could mean that the tribological problems encountered in the past on 
space vehicles w f l l  hccome even more complex ana dlfftcult. Most lubricating 
situatlons to date oru space vehlcles have been solved either by using low 
vapor pressure oils and greases or by using solid lubricants. Oils and 
greases have their drawbacks because even low vapor pressure oils can 
evaporate and contaminate nearby sensitive surfaces such as optical devices. 
Solid lubricants have their limitations because they have generally higher 
friction coefficients than oils and because of finite endurance lives. Also 
some solid lubricants, which are used in terrestrial applications, do not 
function well in a vacuum, e.g., graphite. 
The challenge will be to find new solid lubricant materials which will be 
able to operate for long sliding durations in the vacuum of space and under 
the changing temperature conditions of day and night. 
of solid lubricant materials have been used to date: polymers, such as PTFE; 
dichalcogenides, such as molybdenum disulfide (MoS2); and soft metals, such 
as lead (1). 
Three principal classes 
It is the author's belief that polymer and polymer composite materials, 
especially the class of polymers called polymides are the best prospects to 
meet the new lubrication cpllenges. 
observed that the friction and wear o f  some polyimide films dropped 
dramatically as the temperature was raised above a certain level in an air 
atmosphere. It was postulated that this might be due to the desorption of 
absorbed water vapor, since polyimides have a free hydrogen bond which tends 
to bond water vapor. Getting rid of the water could give the polyimide 
molecules the necessary freedom to flow as a thin films on the polymer 
surface. Thus, one of the objectives of this study was to determine i f  the 
friction and wear o f  polyimide materials would drop in the absence o f  air and 
water vapor. However, the main objective of the study was to tribologically 
evaluate in a vacuum environment several commercially available polymeric 
materials (either in the form of a solid body or a film applied to a metal) i n  
order to determine if any of these materials might have potential for future 
space station applications. A pin-on-disk apparatus was used and vacuums of 
In previous studies (z-?), it was 
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either 0.13 Pa torr) or 0.00013 Pa torr) were employed. For 
comparison; similar experiments were also conducted .in a controlled 50 percent 
RH air atmosphere. 
MATERIALS 
Ten different types of polymer materials were evaluated. Seven as solid 
body disks and three as films applied to AIS1 440C HT (high temperature) 
stainless steel disks with a Rockwell hardness of C-58. Most of the materials 
are commercially available and can be purchased from a vendor. The solid body 
materials were: a polyphenylene sulfide (PPS) disk reinforced with 40 percent 
graphite fibers, a Poly (amide-imide) disk with PTFE and graphite powder 
additives, a commercially available polyimide with no additives, a PMR-15 
polyimide ( 5 )  with a 70 percent PTFE powder additive, a polyimide made from 
the diamine 2,2-bis (4-(aminophenoxy)phenyl) - hexafluoropane (4-BDAF) and the 
dianhydride pyromellitlc acid (PMDA) (&, I )  (for short this polyimide will be 
referred to as 100 PMDA), a co-polyimide made from the diamine 4-BDAF and 
80 mol x of the dianhydride PMDA and 20 mol % of the dianhydride 
benzophenonetetra-carboxil ic acid (BTDA) (&, I )  (for short this polyimide will 
be referred to as 80 PMDA/20 BTDA), and an 80 PMDA/20 BTDA polyimide 
r e i n f g r c e d  with 50 percent high modulus graphite fibers ( E ) .  
evaluated were a 100 PMDA polyimide film, a PI-4701 polyimide film ( 2 , 3 ) ,  and 
a PI-4701 polyimide film with 50 ut% of the solid lubricant graphite 
f luoride (9) .  
APPARATUS 
The films 
A pin-on-disk tribometer was used to evaluate the polymer materials. The 
apparatus used for the air tests i s  described in detail I n  Ref. 10. A 
schematje of the test specimens i s  shown in Fig. 1. The vacuum tribometer was 
essentially the same as the air tribometer except that the friction specimens 
were enclosed in a stainless steel vacuum chamber and a magnetic drive 
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c o u p l i n g  was used t o  r o t a t e  t h e  d i s k .  
app ly  t h e  l o a d  t o  t h e  p i n  c o u l d  be t r a n s l a t e d  I n  t h e  d i r e c t i o n  of t h e  l e v e r ' s  
l eng th ,  so t h a t  the  diameter o f  t h e  c i rcumference o f  t h e  wear t r a c k  on t h e  
d i s k  cou ld  be changed w i t h o u t  removing the  specimens f rom t h e  vacuum. 
s o r p t i o n  pump was used t o  ach ieve  a p ressure  o f  0.13 Pa 
i o n i z a t i o n  pump was used t o  achieve a p ressure  o f  0.00013 Pa (loq6 t o r r ) .  
PROCEDURE 
Specimen C lean ing  
The fu l c rum o f  t h e  l e v e r  arm used t o  
A 
t o r r )  and an 
The A I S 1  440C HT s t a i n l e s s  s t e e l  p i n s  and d i s k s  w e r e  cleaned by washing 
w i t h  e t h y l  a l coho l  and then  by scrubb ing  w i t h  a water pas te  o f  l e v i g a t e d  
alumina. They were then  scrubbed w i t h  a brush under runn ing  t a p  water  t o  
remove t h e  l e v i g a t e d  alumina, r i n s e d  w i t h  d i s t i l l e d  water,  and d r i e d  w i t h  
c l e a n  compressed a i r .  
The polymer s o l i d  bodies were scrubbed w i t h  a nonabrasive de te rgen t ,  
r i n s e d  w i t h  d i s t i l l e d  water ,  and then d r i e d  w i t h  c lean  compressed a i r .  
f i l m s  w e r e  n o t  cleaned s i n c e  they  were  p u t  i n  a d e s i c c a t o r  immediately a f t e r  
c o a t i n g  and were no t  touched by human hands. 
Exper imental  Tes t i ng  
The 
The specimens w e r e  i n s e r t e d  i n t o  the t r i b o m e t e r  and the chamber sealed. 
For t h e  a i r  t e s t s ,  a c o n t r o l l e d  50 percent  r e l a t i v e  humid i t y  a i r  was purged 
through t h e  chamber f o r  1 5  min be fo re  commencing the  t e s t s  and con t inuous ly  
throughout t h e  t e s t s .  
d e s i r e d  vacuum pressure f o r  1 5  min be fo re  commencing the  t e s t s .  The d i s k  was 
then s e t  i n t o  m o t i o n  a t  100 rpm and a 9.8 N l o a d  was g r a d u a l l y  a p p l i e d  t o  t h e  
d i s k  through t h e  p i n .  
which cou ld  be va r ied  f r o m  1.5 t o  6.0 cm. 
F o r  t h e  vacuum t e s t s ,  t h e  chamber was h e l d  a t  t h e  
The p i n  s l i d  aga ins t  t h e  d i s k  a t  a cons tan t  diameter 
A f t e r  var ious i n t e r v a l s  of s l i d i n g ,  t h e  t e s t s  were stopped and t h e  
specimens removed f r o m  t h e  t r i b o m e t e r .  The p i n  and d i s k  rubb ing  sur faces  were 
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t hen  s t u d i e d  by o p t i c a l  microscopy and su r face  p r o f i l e s  o f  t h e  d i s k  w e a r . t r a c k  
were taken: From these p r o f i l e s ,  polymer wear t r a c k  c r o s s - s e c t i o n a l  area was 
measured and wear r a t e  c a l c u l a t e d .  
t r i b o m e t e r  and t h e  above procedure repeated. 
The specimens were r e i n s e r t e d  i n t o  t h e  
The t e s t s  were te rm ina ted  a f t e r  
cons tan t  wear r a t e s  were asce r ta ined  o r  f a i l u r e  occurred ( f i l m s  worn th rough 
t o  t h e  meta l  s u b s t r a t e  and h i g h  f r i c t i o n  ob ta ined ) .  
RESULTS AND DISCUSSION 
F r i c t i o n  C o e f f i c i e n t  
Previous Work - In prev ious  s tud ies (z-?), i t  was observed t h a t  f o r  some 
p o l y i m i d e  m a t e r i a l s ,  the f r i c t i o n  c o e f f i c i e n t  tended t o  decrease as a f u n c t i o n  
o f  i n c r e a s i n g  temperature.  I t  was pos tu la ted  t h a t  t h e  reason f o r  t h i s  was 
t h a t  water  vapor hydrogen bonded t o  the po ly im ide  chains a t  lower temperatures 
and c o n s t r a i n e d  t h e  chains freedom " t o  u n f o l d "  i n t o  an extended molecu la r  
cha in  t y p e  o f  s t r u c t u r e  (2); and thus b r i t t l e  f r a c t u r e  and h i g h e r  f r i c t i o n  
occur red  under these s l i d i n g  cond i t i ons .  By i n c r e a s i n g  t h e  temperature t o  a 
h ighe r  l e v e l ,  t h e  H20 molecules e i t h e r  debonded o r  t h e i r  i n f l u e n c e  became 
n e g l i g i b l e ,  and f r i c t i o n  and wear dropped up t o  an order  o f  magnitude. 
t h i s  happened very t h i n  p l a s t i c a l l y  f low i r ig  su r face  l a y e r s  were observed on 
When 
t h e  f i l m  wear t r a c k s  and on t h e  p i n  s l i d i n g  sur faces .  
Experiments i n  d r y  argon (20  ppm, H20), d r y  a i r  (100 ppm, H20), and 
m o i s t  a i r  (10 000 ppm H20) ( 3 )  i n d i c a t e d  t h a t  t h i s  t r a n s i t i o n  f rom h i g h  
f r i c t i o n - h i g h  wear t o  l o w  f r i c t i o n - l o w  wear occurred a t  a lower temperature as 
the amount o f  water vapor in t he  a i r  decreased, and i n d i c a t i n g  t h a t  even a 
very  smal l  amount of water vapor could a f f e c t  t h e  f r i c t i o n  and wear o f  
po l y im ides .  Thus, i n  a d d i t i o n  t o  eva lua t i ng  severa l  polymer m a t e r i a l s  f o r  
p o s s i b l e  space usage, an o b j e c t i v e  o f  t h i s  study was t o  determine i f  low 
f r i c t i o n  and l o w  wear cou ld  be obtained a t  ambient temperature i n  t h e  complete 
absence of water vapor. The following is a discussion of the frictional 
characteristics of the polymer materials evaluated in air and in vacuum. 
Polyphenline Sulfide Disk Reinforced with Graphite Fibers - Figure 2 
plots friction coefficient as a function of sliding duration for the 
polypheneline sulfide solid disk which was reinforced wlth SO percent graphite 
fibers and evaluated in air and ln a 0.13 Pa vacuum. For both environments, 
the friction coefficient started out at 0.30 and then rose with sliding 
duration to a value of about 0.44. In vacuum, after about 40 kc o f  sliding, 
there was a sharp drop in friction, and the value eventually leveled off and 
remained stable at about 0.03. There was also a drop in air after about 
200 kc of sliding, but the value dropped off only to 0.30. Only the first 
400 kc of sliding are shown in the figure but the air test was for 1300 kc and 
the vacuum test for 925 kc and in both instances the friction remained stable. 
Poly(amide-imide) with PTFE and Graphite Disk - Figure 3 compares the 
friction properties of a Poly(amide-imide) solid polymer disk with PTFE and 
graphite additives. 
at about 0.18 in a i r  and in vacuum and rose to an average value of about 
0.42. In air the friction remained relatively constant at this value for 
1560 kc of sliding. In vacuum, the friction started to gradually drop after 
about 40 kc o f  sliding and eventually reached a steady-state value of 0.07 
after about 83 kc. The friction remained constant at this value until the 
test was terminated at 380 kc o f  sliding. 
The friction coefficient for this composite started out 
After the vacuum test on this composite was terminated, instead o f  
removing the specimens from the tribometer, the pin was repositioned to slide 
on a new track on the disk. The friction coefficient for this test again 
initially started out at a value of 0.18, but only rose to a value of 0.29 in 
hbout 18 kc of  sliding, then it dropped to a value of about 0.07 after 20 kc 
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of sliding. This indicates that a long exposure to the vacuum helped desorb 
the water vapor from the polymer and shortened the r.un-in period. 
Commercially Available Polyimide Solid Disk - Figure 4 plots friction 
coefficient as a function of sliding distance in air and in vacuum for a 
commercially available polyimide solld body. As with the previous two polymer 
materials, the friction coefficient for the tests in air and in vacuum started 
out at the same value, in this case 0.18. In air, the friction rose t o  a 
steady-state value of 0.45 in about 45 kc of sliding and stayed constant for 
the duration of the test 860 kc. In vacuum, the friction coefficient tended 
to oscillate between 0.33 and 0.18 until it finally reached a steady-state 
value of 0.03 after 40 kc of sliding. It remained constant at this value 
until the test was terminated at 1450 kc of sliding. 
Again, instead of removing the specimens from the vacuum tribometer, the 
pin was repositioned to slide on a new wear track on the disk. Figure 4 shows 
that the friction coefficient dropped after approximately 7 kc of sliding to a 
friction coefficient value of 0.03. As with the previous test, this indicates 
that long exposures to vacuum can help desorb water vapor from the polyimide 
and shorten the run-in period. 
PMR-15 Polyimide Disk with PTFE Additive - Figure 5 plots friction 
coefficient as a function of sliding duration for the PMR-15 polyimide solid 
disk with a 70 ut % PTFE additive. The friction coefficient in air and 
vacuum did not start at the same value for this composite. The friction i n  
air tended to tncrease gradually from 0.12 as a function of sliding distance 
until it reached a steady-state value of 0.22 after approxlmately 650 kc of 
sliding. 
1690 kc. In vacuum, the friction coefficient started out at 0.08 but then 
rose to a steady-state value of 0.12 after about 280 kc of sliding. 
remained constant at this value for the duration of the test, 1292 kc. 
After which it remained constant for the duration of the test, 
It 
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Th is  composite m a t e r i a l  d i d  n o t  produce a low f r i c t i o n  c o e f f i c l e n t  i n  
vacuum l i k e  t h e  prev ious t h r e e  m a t e r i a l s .  
due t o  t h e  l a r g e  amount o f  PTFE i n  t h e  composite. Desorbing t h e  water  may 
have had a l e s s e r  e f f e c t  due t o  t h e  f a c t  t h a t  t h e  PTFE may have dominated t h e  
f r i c t i o n  process. 
I t  i s  be l i eved  t h a t  t h i s  m igh t  be 
80 PMDA/2OBTDA Po ly imide  Disk - F igu re  6 p l o t s  f r i c t i o n  c o e f f i c i e n t  as a 
f u n c t i o n  of s l i d i n g  d i s t a n c e  f o r  t h e  80 PMDA/20 BTDA po ly imide .  
80 PMDA/20 BTDA po l y im ide  i n  a i r ,  t h e  f r i c t i o n  c o e f f i c i e n t  s t a r t e d  o u t  a t  0.18 
and then rose  cons tan t l y  f o r  1 5  kc o f  s l i d i n g  u n t i l  i t  reached a cons tan t  
va lue  o f  0.58 ( s teady -s ta te ) .  
f i r s t  r ose  w i t h  s l i d i n g  d i s t a n c e  b u t  then a f t e r  8 kc o f  s l i d i n g  i t  s t a r t e d  t o  
decrease and e v e n t u a l l y  a f t e r  about 60 kc o f  s l i d i n g  reached a s teady -s ta te  
va lue  o f  0.04. The t e s t s  were s l i d  f o r  540 kc i n  a i r  and f o r  1690 kc i n  a 
vacuum o f  0.13 Pa. 
For t h e  
I n  t h e  vacuum, t h e  f r i c t i o n  c o e f f i c i e n t  a l s o  
One a d d i t i o n a l  t e s t  was performed on t h e  80 PMDA/20 BTDA p o l y i m i d e  o n l y .  
I n  t h a t  t e s t  t h e  f i l m  was eva lua ted  under a b e t t e r  vacuum o f  0.00013 Pa. 
Under t h e  b e t t e r  vacuum, t h e  f r i c t i o n  c o e f f i c i e n t  s t a r t e d  o u t  a t  t h e  same 
va lue  as i n  t h e  0.13 Pa vacuum, b u t  i ns tead  o f  i n c r e a s i n g  w i t h  s l i d i n g  
d i s t a n c e  i t  dropped very  q u i c k l y  ( a f t e r  about 0.4 kc o f  s l i d i n g )  t o  a 
s teady-s ta te  value of  0.02. The f r i c t i o n  c o e f f i c i e n t  remained cons tan t  a t  
t h i s  va lue  f o r  1920 kc o f  s l i d i n g .  
The r e s u l t s  thus s u b s t a n t i a t e  t h e  i n i t i a l  p o s t u l a t i o n  t h a t  hydrogen 
bonded water  vapor i s  respons ib le  f o r  t h e  h i g h  f r i c t i o n  ob ta ined w i t h  t h e  
po ly im ide  t y p e  m a t e r i a l s .  
s l i d i n g  i n  a vacuum and t h e  h ighe r  t h e  vacuum, t h e  f a s t e r  t h e  removal. 
The water  appears t o  be removed under t h e  a c t i o n  o f  
80 PMDA/20 BTDA Po ly imide  D isk  Re in fo rced w i t h  Graph i te  F i b e r s  - F i g u r e  7 
shows f r i c t i o n  c o e f f i c i e n t  as a f u n c t i o n  o f  s l i d i n g  d i s t a n c e  f o r  an 80 PMDA/20 
BTDA p o l y i m i d e  r e i n f o r c e d  w i t h  50 w t  X o f  h i g h  modulus chopped g r a p h i t e  
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f i b e r s .  For  t h e  f i r s t  225 kc o f  s l i d i n g ,  t h e  f r i c t i o n  c o e f f i c i e n t  i n  a i r  and 
i n  vacuum was n e a r l y  t h e  same ( a  va lue o f  about  0.26), then  t h e  f r i c t i o n  i n  
vacuum rose s l i g h t l y  t o  0.30. 
s l i d i n g  due t o  wear cons ide ra t i ons  ( c rack ing  and s p a l l a t i o n  o f  t h e  g r a p h i t e  
f i b e r s )  b u t  t h e  a i r  t e s t  was cont inued on t o  5400 kc and t h e  wear sur faces  
were s t i l l  i n  g r e a t  shape. 
The vacuum t e s t  was te rm ina ted  a f t e r  300 kc of 
100 PMDA Po ly imide  S o l i d  Disk - F igu re  8 g ives  f r i c t i o n  c o e f f i c i e n t  as a 
f u n c t i o n  o f  s l i d i n g  d u r a t i o n  f o r  a po l y im ide  which d i d  n o t  show a low 
s teady-s ta te  f r i c t i o n  c o e f f i c i e n t  i n  vacuum, t h e  100 PMDA p o l y i m i d e  s o l i d  
body. 
a i r  and rose  very  q u i c k l y  t o  a s teady-state f r i c t i o n  c o e f f i c i e n t  t h a t  was 
g r e a t e r  than 0.40. As t h e  f i g u r e  shows t h e r e  was a cons ide rab le  amount o f  
s l i p - s t i c k  t y p e  o f  f r i c t i o n  which produced a wide v a r i a t i o n  o f  f r i c t i o n  as t h e  
p i n  t ransve rsed  t h e  d i s k .  
s 1 i d i  ng. 
The f r i c t i o n  c o e f f i c i e n t  s t a r t e d  o u t  between 0.18 t o  0.20 i n  vacuum and 
These two t e s t s  were eva lua ted  f o r  160 kc c f  
100 PMDA Po ly imide  F i l m  - F igure  9 p l o t s  f r i c t i o n  c o e f f i c i e n t  as a 
f u n c t i o n  o f  s l i d i n g  d u r a t i o n  f o r  t h e  100 PMDA po l y im ide  t h a t  was a p p l i e d  as a 
f i l m  t o  a 440C HT s t a i n l e s s  s t e e l  d isk .  S i m i l a r  f r l c t i o n  c h a r a c t e r i s t i c s  were 
ob ta ined f o r  t h e  f i l m  as f o r  t h e  s o l i d  body. That i s ,  t h e r e  was no dramat ic  
d rop  i n  f r i c t i o n  (as  was found f o r  some o f  t h e  o the r  polymers i n  vacuum) and 
t h a t  t h e  va lues o f  s teady-s ta te  f r l c t i o n  ob ta ined i n  a i r  and vacuum were 
n e a r l y  t h e  same (about  0.40).  
was s l i g h t l y  lower  f o r  t h e  f i l m  than f o r  t h e  s o l i d  body. 
Though t h e  s teady-s ta te  f r i c t i o n  c o e f f i c i e n t  
PI-4701 Po ly imide  F i l m  - The f r i c t i o n  c o e f f i c i e n t  o f  t h e  PI-4701 f i l m  
a p p l i e d  t o  t h e  440C HT s t a i n l e s s  s t e e l  d i s k  s t a r t e d  o u t  a t  about 0.28 i n  a i r  
and i n  vacuum and then dropped r a p i d l y  ( F i g .  10) .  I n  a i r  t h e  s teady -s ta te  
va lue  was 0.15 and i n  vacuum i t  was 0.04. I n  a i r ,  t h e  f i l m  wore th rough t o  
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t h e  s u b s t r a t e  i n  about 30 kc of s l i d i n g ,  b u t  i n  vacuum i t  was s t i l l  
f u n c t i o n i n g  p e r f e c t l y  a f t e r  3020 kc o f  s l i d i n g  when t h e  t e s t  was te rmina ted .  
PI-4701 F i l m  w i t h  a Graph i te  F l u o r i d e  A d d i t i v e  - I n  a i r ,  i t  was found 
t h a t  a 50 pe rcen t  we igh t  a d d i t i o n  o f  g r a p h i t e  f l u o r i d e  powder cou ld  
d r a m a t i c a l l y  inc rease t h e  endurance l i f e  and sometimes decrease t h e  f r i c t i o n  
c o e f f i c i e n t  when compared t o  PI-4701 f i l m s  a lone  ( 9 ) .  I n  vacuum, n e i t h e r  
improved f r i c t i o n  c o e f f i c i e n t s  or endurance l i v e s  were ob ta ined by add ing  
g r a p h i t e  f l u o r i d e  powder t o  PI-4701 f i l m s .  F igu re  11 p l o t s  f r i c t i o n  
c o e f f i c i e n t  as a f u n c t i o n  o f  s l i d i n g  d i s t a n c e  f o r  t he  PI-4701/graphi te  
f l u o r i d e  f i l m .  
endurance l i f e  was 150 kc.  
and t h e  endurance l i f e  was 500 kc.  
The average f r i c t i o n  c o e f f i c i e n t  i n  vacuum was 0.07 and t h e  
The average f r i c t i o n  c o e f f i c i e n t  i n  a i r  was 0.16 
Comparison o f  F r i c t i o n  C o e f f i c i e n t s  - F i g u r e  12 compares t h e  maximum, 
minimum, and average s teady -s ta te  f r i c t i o n  c o e f f i c i e n t s  ob ta ined f o r  t h e  
10  polymer m a t e r i a l s  evaluated.  For t h e  vacuum t e s t s ,  when t h e  f r i c t i o n  
c h a r a c t e r i s t i c s  o f  t h e  nee t  po ly i rn ides a r e  compared t o  t h e  same po ly t rn lde  w i t h  
s o l i d  l u b r i c a n t  a d d i t i v e s  ( g r a p h i t e  f i b e r s  o r  C F x ) ,  i t  i s  found t h a t  t h e  
s teady -s ta te  f r i c t i o n  c o e f f i c i e n t s  a r e  g r e a t e r  f o r  t h e  poly i rn ides w i t h  t h e  
s o l i d  l u b r i c a n t s  a d d i t i v e s  than w i t h o u t .  Thus I t  i s  seen t h a t  t h e  f r i c t i o n  
c o e f f i c i e n t  o f  a t  l e a s t  some po ly imides  i n  vacuum i s  s o  low t h a t  t hey  do n o t  
need s o l i d  l u b r i c a n t  a d d i t i v e s  and t h a t  t h e  a d d i t i o n  o f  s o l i d  l u b r i c a n t  
a d d i t i v e s  can be d e t r i m e n t a l .  
WEAR 
I n  a l l  ins tances,  t h e  wear t o  t h e  m e t a l l i c  p i n s  was t o o  low t o  measure. 
Only p o l i s h e d  surfaces and t r a n s f e r r e d  polymer m a t e r i a l  was observed on t h e  
p i n s .  Wear t o  the polymer d i s k s  was measurable, however. F i g u r e  13  p l o t s  
d i s k  wear t r a c k  c ross -sec t i ona l  area as a f u n c t i o n  o f  s l i d i n g  d u r a t i o n  i n  
k i l o c y c l e s  f o r  the 80 PMDA/20 BTDA po ly im ide  d i s k .  S ince t h e  wear t r a c k  
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c i rcumference and t h e  s l i d i n g  d i s tance  per  c y c l e  a r e  t h e  same, t h e  s lope  of 
t h e  s t r a i g h t  l i n e  i n  t h i s  f i g u r e  represents  wear volume per  u n i t  s l i d i n g  
d i s tance .  
As  found f o r  f r i c t i o n  c o e f f i c i e n t ,  most o f  t h e  low f r i c t i o n  produc ing  
polymers produced a r u n - i n  wear i n t e r v a l  b e f o r e  s teady-s ta te  wear took  p lace .  
Comparing F i g .  6 w i t h  F i g .  13 f o r  the 80 PMDA/20 BTDA po ly im ide ,  i t  took  about 
t h e  same p e r i o d  o f  t i m e  f o r  s teady-s ta te  f r i c t i o n  and s teady -s ta te  wear t o  
occur i n  a i r  and i n  t h e  0.13 Pa vacuum. There e s s e n t i a l l y  was no r u n - i n  wear 
found f o r  t h e  t e s t  r u n  i n  t h e  0.00013 Pa vacuum, a l though t h i s  m igh t  be 
d i s p u t a b l e  s i n c e  o n l y  two wear po in ts  were determined. 
F i g u r e  14  p l o t s  d i s k  wear t r a c k  c ross -sec t i ona l  area as a f u n c t i o n  o f  
The f i g u r e  i n d i c a t e s  t h a t  s l i d i n g  d u r a t i o n  f o r  t h e  100 PMDA po ly imide  d i s k .  
t h e  wear inc reases  a t  a cons tan t  r a t e  as a f u n c t i o n  o f  s l i d i n g  d i s t a n c e  and 
t h a t  l i t t l e  o r  no r u n - i n  wear took  p lace f o r  t h i s  po l y im ide  i n  e i t h e r  a l r  o r  
i n  vacuum, s i n c e  t h e  l i n e s  pass through zero. No run-An wear corresponds t o  
t h e  s h o r t  r u n - i n  f r i c t i o n  t h a t  took  p lace  w i t h  t h i s  po l y im ide  ( F i g .  8) .  
F i g u r e  1 5  p l o t s  c ross -sec t i ona l  area as a f u n c t i o n  o f  s l i d i n g  d i s t a n c e  
f o r  t h e  commerc ia l ly  a v a i l a b l e  po ly imide  s o l i d  d i s k .  I n  vacuum, t h i s  
p o l y i m i d e  had a very  l ong  r u n - i n  wear  p e r i o d .  
b e f o r e  s teady -s ta te  wear occurred.  I t  appears t h a t  t h i s  i s  r e l a t e d  t o  t h e  t ime  
i n  vacuum; s i n c e  when t h e  p i n  was moved t o  a new t r a c k  w i t h o u t  removing i t  f rom 
vacuum a f t e r  1450 kc of s l i d i n g ,  the wear r a t e  ob ta ined was i d e n t i c a l  t o  t h e  
s teady -s ta te  va lue .  Comparing F ig .  1 5 ' t o  F i g .  4, t he  r u n - i n  p e r i o d s  f o r  
f r i c t i o n  and wear i n  a vacuum do not  c o r r e l a t e .  Low f r l c t i o n  was ob ta ined 
a f t e r  40 kc of s l i d i n g  b u t  i t  took  over 400 kc f o r  t he  lowest  wear r a t e  t o  
occur .  
I t  took about 440 kc o f  s l i d i n g  
The f o l l o w i n g  polymer m a t e r i a l s  showed no o r  very  l i t t l e  r u n - i n  wear i n  
vacuum: t h e  PI-4701 f i l m ,  t h e  PI-4701 f i l m  w i t h  CFx a d d i t i v e ,  t h e  
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80 PMDA/20 BTDA po ly jm ide  w i t h  g r a p h i t e  f i b e r  a d d i t i v e s ,  and t h e  100 PMDA 
p o l y i m i d e  f i  lm. 
had a r u n - i n  pe r iod  o f  about  70 kc, t h e  Poly(amide-imide) d i s k  w i t h  PTFE and 
g r a p h i t e  a d d i t i v e  had a r u n - i n  p e r i o d  o f  about  80 kc, and t h e  PMR-15 p o l y i m i d e  
d i s k  w i t h  75 percent  PTFE had a r u n  i n  p e r i o d  o f  about 25 kc. 
F i g u r e  16 compares t h e  s teady-s ta te  wear r a t e  va lues t h a t  were determined 
I n  vacuum, t h e  polyphenlene s u l f i d e  d i s k  w i t h  g r a p h i t e  f i b e r s  
f o r  a l l  t h e  polymer m a t e r i a l s  I n  a i r  and i n  vacuum. For t h e  m a j o r i t y  o f  t h e  
polymers, t h e  wear r a t e  i n  vacuum was w i t h e r  e q u i v a l e n t  o r  l e s s  than t h a t  
ob ta ined i n  a i r .  The two except ions  were t h e  GFRPI  composite and t h e  PI-4701 
f i l m  w i t h  t h e  f l u o r i n a t e d  g r a p h i t e  (CFx) a d d i t i v e .  
d iscussed i n  a f o l l o w i n g  sec t i on .  
Reasons f o r  t h i s  w i l l  be 
F i g u r e  1 7  p lo t s  f r i c t i o n  c o e f f i c i e n t  as a f u n c t i o n  o f  s teady -s ta te  wear 
r a t e  f o r  a l l  t h e  polymer m a t e r i a l s  eva lua ted  i n  vacuum and f o r  440C HT 
s t a i n l e s s  s t e e l  evaluated u n l u b r i c a t e d  i n  a i r .  The wear r a t e s  o f  a l l  t h e  
polymer m a t e r i a l s  eva lua ted  can be considered e x c e l l e n t  when compared t o  
u n l u b r i c a t e d  440C HT s t a i n l e s s  s t e e l ,  whose wear r a t e  i s  i n  t h e  o rde r  o f  
10 M /M o f  s l i d i n g .  I t  might  be mentioned t h a t  t h e  440C HT u n l u b r i c a t e d  
s t a i n l e s s  s t e e l  was not  eva lua ted  i n  vacuum b u t  t h a t  t h e  f r i c t i o n  and wear 
should be even worse i n  a vacuum s ince  p r o t e c t l v e  ox ide  f i l m s  would n o t  be 
f ormed. 
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The b e s t  low wear/low f r i c t i o n  m a t e r i a l  i n  a vacuum environment was found 
t o  be t h e  80 PMDA/20 BTDA s o l i d  po l y im ide  d i s k .  The s teady -s ta te  wear r a t e  o f  
t h i s  p o l y i m i d e  was about  o n e - f i f t h  t h a t  o f  t h e  PI-4701 f l l m  and about 
one- tenth t h a t  of t h e  PMR-15 f i l m  w i t h  t h e  PTFE a d d i t i v e .  The 80 PMDA/20 BTDA 
po ly im ide  which was eva lua ted  i n  t h e  h ighe r  vacuum (0.00013 Pa) gave even l e s s  
wear than t h e  low vacuum (0.13 Pa) t e s t  which i n d i c a t e s  t h a t  t h e  polymers 
which work w e l l  i n  a low vacuum w i l l  work even b e t t e r  i n  a h i g h  vacuum. 
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The 100 PMDA p o l y i m i d e  f i l m  and s o l i d  body gave h i g h  f r i c t i o n  b u t  
reasonably  good wear p r o t e c t i o n .  
be use fu l  f o r  coa t ings  o r  as  s o l i d  body r o l l e r s  f o r  space s t a t i o n  t r a c t i o n  
A polymer w i t h  these c h a r a c t e r i s t i c s  might 
d r i v e s  which would be used t o  p o s i t i o n  s o l a r  a r rays ,  te lescopes,  e t c .  
Wear Sur face  Ana lys i s  
Except f o r  t h e  two polymer so 
t h e  polymer m a t e r i a l s  d i d  n o t  wear 
counter faces .  Very t h i n ,  f l o w i n g  
i d  d i s k s  which conta ined g r a p h i t e  f i b e r s ,  
t h e  s l i d i n g  440C HT s t a i n l e s s  s t e e l  p i n  
r a n s f e r  f i l m s  were produced on t h e  p ins .  
The wear t h a t  was produced by the g r a p h i t e  f i b e r  r e i n f o r c e d  d i s k s  was n o t  
g r e a t  and h a r d l y  d i s c e r n i b l e .  
conformed t o  t h e  r a d i u s  o f  t h e  p i n  hemisphere. 
I t  was more l i k e  f i n e  p o l i s h i n g  and t h e  wear 
I n  vacuum, very  smooth wear t racks  were observed on t h e  po ly im ides  
w i t h o u t  any s o l i d  l u b r i c a n t  a d d i t i v e s .  F igu re  18(a)  shows a photomicrograph 
of  t h e  80 PMDA/20 BTDA d i s k  wear t r a c k .  S i m i l a r  sur faces t o  t h i s  were 
ob ta ined on t h e  PI-4701 and t h e  commercial ly a v a i l a b l e  po l y im ides .  These 
sur faces were much smoother than those ob ta ined i n  a i r  on t h e  same po ly imides  
and i t  i s  b e l i e v e d  t h i s  i s  due t o  p o l y i m i d e ' s  a b i l i t y  t o  p l a s t i c a l l y  deform as 
a t h i n  f i l m  i n  t h e  absence o f  water vapor. F igu re  1 8 ( b )  shows a 
photomicrograph o f  t h e  wear sur face of  t h e  I 0 0  PMDA po l y im ide  f i l m .  A s i m i l a r  
wear su r face  was a l s o  found on the  100 PMDA po l y im ide  s o l i d  d i s k .  I n  genera l ,  
t h e  wear su r face  was smooth b u t  there  a re  many l a r g e  p i t s  on t h e  wear t r a c k .  
These may have been caused by t h e  h i g h  f r i c t i o n  between t h e  s l i d i n g  sur faces .  
The powdered s o l i d  l u b r i c a n t s  which were added t o  t h e  polymers, tended t o  
produce wear t r a c k  sur faces  t h a t  were n o t  as smooth a s  t h e  neet  polymers. 
F i g u r e  19(a)  shows a photomicrograph of t h e  PMR-15 po l y im ide  w i t h  t h e  PTFE 
a d d i t i v e .  The sur face looks smooth b u t  t h e  sur face  p r o f i l e  o f  i t  shows many 
vo ids .  The smooth l o o k i n g  na tu re  i s  due t o  t h e  t ransparency o f  t h e  70 pe rcen t  
PTFE a d d i t i v e  i n  t h e  po ly imide .  
13 
F i g u r e  19( b )  shows a photomicrograph of  t h e  p o l y (  amide-imide) polymer 
w i t h  the  PTFE and g r a p h i t e  a d d i t i v e s .  
s l i d i n g  d i r e c t i o n  and many smal l  p i t s  can be seen. 
CFx a d d i t i v e  produced a s i m i l a r  sur face  w i t h  many smal l  p i t s .  
powdered s o l i d  l u b r i c a n t  a d d i t i v e s  tended t o  produce weak p o i n t s  i n  t h e  
polymers where cracks cou ld  i n i t i a t e  and s p a l l s  be produced. 
F ine  cracks pe rpend icu la r  t o  t h e  
The PI-4701 p o l y i m i d e  w i t h  
Thus, 
I t  i s  g e n e r a l l y  w e l l  known t h a t  g r a p h i t e  f i b e r s  tend t o  d u s t  i n  a vacuum 
Dust ing was n o t  observed i n  t h i s  study, b u t  t h e  g r a p h i t e  f i b e r s  environment. 
on t h e  wear t r a c k  sur faces  were  observed t o  c rack  and debond f rom t h e  
sur faces .  
polyphenelene s u l f i d e  polymer w i t h  40 percent  g r a p h i t e  f i b e r s  and F i g .  20(b) 
g i ves  a s i m i l a r  photomicrograph f o r  t he  80 PMDA/20 BTDA po ly im ide  w i t h  
50 pe rcen t  g r a p h l t e  f i b e r s .  
shows cons iderab le  c rumbl ing  and p i t t i n g  on the  wear t r a c k ;  w h i l e  t h e  
po ly im ide  w i t h  g r a p h i t e  f i b e r s  shows less  crumbl ing,  b u t  some c r a c k i n g  w i t h i n  
t h e  f i b e r s  and some sha l low su r face  p i t t i n g  d i d  occur. I n  e i t h e r  case, 
g r a p h i t e  f i b e r s  d i d  n o t  produce good s l i d i n g  wear sur faces .  
SUMMARY OF RESULTS 
F-lgure 20(a) g ives  a photomicrograph o f  t he  wear su r face  o f  t h e  
The polyphenelene s u l f i d e  w i t h  g r a p h i t e  f i b e r s  
F r i c t i o n ,  wear, and su r face  morpho log lca l  s t u d i e s  o f  10 d i f f e r e n t  polymer 
based m a t e r i a l s  evaluated i n  a vacuum environment i n d i c a t e d  t h a t :  
1. Polymer m a t e r i a l s ,  i n  genera l ,  have a g r e a t  p o t e n t i a l  f o r  use as l ong  
t e r m  l u b r i c a n t s  f o r  a p p l i c a t i o n s  which occur under vacuum c o n d i t i o n s .  
low wear r a t e s  and f r i c t i o n  c p e f f i c i e n t s  as low as 0.02 w e r e  ob ta ined  i n  a 
vacuum environment. 
V e r y  
2. O f  t h e  ten polymer m a t e r i a l s  evaluated, t h e  80 PMDA/20 BTDA s o l i d  body 
po ly im ide  and the PI-4701 po ly im ide  f i l m  showed t h e  bes t  p o t e n t i a l  f o r  use as 
a space environment l u b r i c a n t .  
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3. The 100 PMDA p o l y i m i d e  s o l i d  o r  f i l m  produced h i g h  f r i c t i o n  and 
r e l a t i v e l y  l ow  wear i n  vacuum. Thus, t h i s  polymer may have p o t e n t i a l  f o r  such 
a p p l i c a t i o n s  as space s t a t i o n  t r a c t i o n  d r i v e s .  
4. The f r i c t i o n  and wear p r o p e r t i e s  o f  most o f  t h e  po ly im ides  i n  vacuum 
were so good t h a t  o t h e r  s o l i d  l u b r i c a n t  a d d i t i v e s  a r e  n o t  necessary. 
5. I n  vacuum, powdered s o l i d  l u b r i c a n t  a d d i t i v e s  t o  t h e  polymers tended 
t o  produce weak p o i n t s  i n  t h e  composites where cracks cou ld  be i n i t i a t e d  and 
s p a l l a t i o n  cou ld  occur under s l i d i n g  c o n d i t i o n s .  
6. I n  vacuum, polymers which conta ined g r a p h i t e  f i b e r s  d i d  n o t  produce 
good s l i d i n g  wear sur faces .  
debond on l o n g  s l i d i n g  d u r a t i o n s .  
The f i b e r s  on t h e  sur faces  tended t o  c rack  and 
7 .  A l l  t h e  polymer m a t e r i a l s ,  except  t h e  80 PMDA/20 BTDA p o l y i m i d e  w i t h  
50 pe rcen t  g r a p h i t e  f i b e r s  and t h e  100 PMDA s o l i d  and f i l m ,  produced lower  
f r i c t i o n  c o e f f i c i e n t s  i n  vacuum than i n  a i r .  
8. Only t h e  po ly im ides  w i thou t  s o l i d  l u b r i c a n t  a d d i t i v e s  produced 
s u b s t a n t i a l l y  lower  s teady -s ta te  wear r a t e s  i n  vacuum than i n  a i r .  
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FIBERS SLIDING I N  50 PERCENT RH AIR AND I N  VACUUM. 
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FIGURE 3. - COMPARISON OF THE FRICTION PROPERTIES OF A POLY 
(AMIDE-IMIDE), PTFE AND GRAPHITE COMPOSITE SOLID BODY 
SLIDING I N  AIR (50 PERCENT RELATIVE HUMIDITY) AND I N  VACUUM. 
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FIGURE 4. - COMPARISON OF THE FRICTION PROPERTIES OF A COM- 
MERCIALLY AVAILABLE POLYIMIDE SOLID BODY I N  VACUUM AND I N  
50 PERCENT RELATIVE HUMIDITY AIR,  
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FIGURE 5. - COMPARISON OF THE FRICTION PROPERTIES OF A PMR-15 
POLYIMIDE SOLID BODY WITH 70 WEIGHT PERCENT ADDITIVE OF PTFE 
IN AIR AND IN VACUUM. 
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FIGURE 6. - COMPARISON OF THE FRICTION PROPERTIES OF A CO- 
POLYIMIDE MADE FROM A 4-BDAF DIAMINE AND 80 PERCENT PMDA 
AND 20 PERCENT BTDA DIANHYDRIDES IN AIR AND IN TWO DIF- 
FERENT VACUUM ENVIRONMENTS. 
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FIGURE 7. - COMPARISON OF THE FRICTION PROPERTIES OF AN 
80 PERCENT 4-BDAF/PMDA AND 20 PERCENT 4-BDAF/BTDA CO- 
POYIMIDE REINFORCED WITH 50 PERCENT BY WEIGHT OF HIGH 
MODULUS GRAPHITE FIBERS IN VACUUM AND IN AIR, 
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FIGURE 8 .  - COMPARISON OF THE FRICTION PROPERTIES OF A 4- 
BDAF/PMDA POLYIMIDE SOLID BODY IN VACUUM AND IN 50 PERCENT 
RH AIR. 
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100 PERCENT PMDA POLYIMIDE F I L M  I N  AIR AND I N  VACUUM. 
FIGURE 9. - COMPARISON OF THE FRICTION PROPERTIES OF A 
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FIGURE 10. - COMPARISON OF THE FRICTION PROPERTIES OF A 
PI-4701 POLYIMIDE FILM I N  AIR AND I N  VACUUM. 
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FIGURE 11. - COMPARISON OF THE FRICTION PROPERTIES OF A 
PI-4701 POLYIMIDE FILM WITH 50 WEIGHT PERCENT ADDITIVE 
OF GRAPHITE FLUORIDE IN AIR AND IN VACUUM. 
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TION OF SLIDING DISTANCE FOR A 440 C HT STAINLESS STEEL 
P I N  SLIDING AGAINST A COPOLYIMIDE MADE FROM A 4-BDAF DIA-  
MINE AND 80 PERCENT PMDA AND 20 PERCENT BTDA DIANHYDRIDES. 
FIGURE 13. - DISK WEAR TRACK CROSS SECTIONAL AREA AS A FUNC- 
(v = 8 0 ~ 1 0 - 9  
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FIGURE 14. - DISK WEAR TRACK CROSS SECTIONAL AREA AS A FUNC- 
TION OF SLIDING DURATION FOR A 440 C HT STAINLESS STEEL 
P I N  SLIDING ON A 100 PERCENT Q-BDAF/PMDA SOLID DISK. 
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FIGURE 15. - DISK WEAR TRACK CROSS SECTIONAL AREA AS A FUNC- 
TION OF SLIDING DURATION FOR A 440 C HT P I N  SLIDING ON A 
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FIGURE 17. - FRICTION COEFFICIENT AS A FUNCTION OF POLYMER 
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(2 )  100 PERCENT PMDA POLYIMIDE SOLID, (3) PI-4701 POLY- 
I M I DE/50 PERCENT CF, F I LM , ( 4 ) POLY ( A I  I DE- I M I DE )/PTFE 
AND GRAPHITE SOLID. (5 )  COMMERCIALLY AVAILABLE POLYIMIDE 
SOLID, (6) GRAPHITE FIBER REINFORCED POLYIMIDE SOLID, 
(7 )  POLYPHENELENE SULFIDE/50 PERCENT GRAPHITE FIBER SOLID, 
(8) PMR-15 POLYIMIDE/70 PERCENT PFTE SOLID. (9) PI -4701 
SOL ID, ( 11 1 80 PERCENT PMDA/20 PERCENT BTDA POLY IMIDE 
SOLID I N  A 0.00013 PA VACUUM. 
VACUUM OF 0.13 PA. (1) 100 PERCENT PMDA POLYIMIDE FILM, 
POLYIMIDE FILM, (10) 80 PERCENT PMDA/20 PERCENT POLYIMIDE 
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OF POOR QUALITY 
PIN SLIDING DIRECTION 
(A) POLYIMIDE (80% PMDA/20% BTDA). 
( B )  POLYIMIDE (100% PMDA). 
FIGURE 18. - HIGH MAGNIFICATION PHOTOMICROGRAPHS OF THE WEAR 
TRACKS OBTAINED I N  VACUUN ON TWO DIFFERENT POLYIMIDE FILMS. 
28 
ORIGINAL PAGE I$ 
OF POOR QU&W 
(A) PMR-15 POLYIMIDE POLYMER WITH PTFE ADDITIVE. 
(B) POLY (AMIDE-IMIDE) POLYMER WITH PTFE AND GRAPHITE 
ADDITIVIES. 
FIGURE 19. - HIGH MAGNIFICATION PHOTOMICROGRAPHS OF THE WEAR 
TRACKS OBTAINED IN VACUUM ON POLYMER DISKS WITH POWDERED 
SOL ID LUBRICANT ADDIT I VES, 
29 
ORIGINAL PAGE IS 
OF POOR QUALITY 
(A) POLYPHENELENE SULFIDE. 
(B) POLYIMIDE (80% PMDW20% BTDA). 
FIGURE 20. - HIGH MAGNIFICATION PHOTOMICROGRAPHS OF THE WEAR 
TRACKS OBTAINED IN VACUUM ON GRAPHITE FIBER REINFORCED 
POLYMER DISKS . 
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